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The Radial Positioning of Chromatin
Is Not Inherited through Mitosis
but Is Established De Novo in Early G1
tioning also occurring in G1. Recent studies [4, 5] have
addressed this problem by the labeling of large chroma-
tin domains, but they arrive at different conclusions [re-
viewed in 6–8, ]. By photobleaching GFP variant-tagged
histone H2B in chromatin at prophase at different angles
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United Kingdom relative to the plane of chromosome separation, Gerlich
et al. [5] present data displaying conservation of bleach
patterns into daughter nuclei and conclude that chromo-
some architecture is not randomized during mitosis. InSummary
contrast, Walter et al. [4] show some dispersal of labeled
regions and reorganization of chromatin domains asThe organization of chromatin in the nucleus is non-
random. Different genomic regions tend to reside in cells proceed from G2 through mitosis and into G1.
Neither study assessed the inheritance of chromatinpreferred nuclear locations, relative to radial position
and nuclear compartments. Several lines of evidence position relative to radial position or nuclear compart-
ments (such as the nucleolus and the nuclear periphery)support a role for chromatin localization in the regula-
tion of gene expression [1–3]. Therefore, a key problem linked to the control of gene expression. Addressing
this problem requires knowledge of the identity of theis how the organization of chromatin is established
and maintained in dividing cell populations. There is labeled chromatin. We have therefore approached this
question by tracking the dynamics and spatial distribu-controversy about the extent to which chromatin orga-
nization is inherited from mother to daughter nucleus tion of defined GFP-tagged loci from the completion of
mitosis into newly forming daughter nuclei. We used[4–8]. We have used time-lapse microscopy to track
specific human loci after exit from mitosis. In compari- human cell lines with lacO arrays inserted into cytologi-
cally determined genomic integration sites with differentson to later stages of interphase, we detect increased
chromatin mobility during the first 2 hr of G1, and subnuclear distributions (Table S1 in the Supplemental
Data available with this article online). The loci wereduring this period association of loci with nuclear com-
partments is both gained and lost. Although chromatin visualized in living cells by expression of a GFP-LacI-
NLS fusion protein [9]. We identified mitotic cells byin daughter nuclei has a rough symmetry in its spatial
distribution, we show, for the first time, that the associ- their rounded morphology and by the redistribution of
the background GFP-LacI-NLS staining to the entire cellation of loci with nuclear compartments displays sig-
nificant asymmetry between daughter nuclei and in the absence of a nuclear membrane. The metaphase-
anaphase transition is evidenced by the separation oftherefore cannot be inherited from the mother nucleus.
We conclude that the organization of chromatin in the tagged loci on sister chromatids (t  0 in Figure 1).
The start of G1 in daughter nuclei is indicated by thenucleus is not passed down precisely from one cell
to its descendents but is more plastic and becomes reconcentration of GFP-LacI-NLS into nuclei as the nu-
clear membrane is reformed (t  10 in Figure 1). Werefined during early G1.
quantified chromatin motion by measuring the distance
(d) between the tagged loci every 10 min over a 2 hrResults and Discussion
period (Figure 2), the change in distance between each
frame (d dt 1), and the change in distance over a timeEnhanced Chromatin Motion in the Nuclei
of Early G1 Human Cells period relative to t  0 (d) [9–11] (Table 1). Chromatin
motion was mostly limited to small regions of the nuclearAn important question in nuclear structure is how the
interphase organization of chromatin is established. On volume (the longest axis of interphase nuclei of 5p14
cells ranges from 15 to 25m) during early G1, indicatingone hand, chromosome position could be accurately
inherited from the mother nucleus via the congression that the position of a locus is already considerably con-
strained as soon as the nuclear envelope is reformed.of chromosomes onto the metaphase plate and their
The inter-locus distance (d) was often similar, but notordered separation at anaphase. At the other extreme,
identical, between daughter nuclei. The average valuechromosome order could be scrambled from one cell
of d over the 2 hr time period was 5.1 and 7.6 m forgeneration to the next, but the distinctive organization
the 5p14 and 11q13 loci, respectively (n  5 mitoses,of chromosomes within the nucleus (i.e., their radial or-
10 daughter nuclei), whereas the mean difference in theganization and/or association with nuclear compart-
value of d between daughter nuclei at any time pointments) could be reestablished de novo at the beginning
was only 1.5 and 1.4 m, respectively (standardof each cell cycle. Somewhere in between these two
deviations  1.2 and 1.1 m). This suggests that someextremes, mitosis could preserve some, but not all, as-
organization of chromatin on the metaphase plate, whenpects of chromosome position, with chromatin reposi-
the sister chromatids were last close to each other,
has been transmitted to daughter nuclei. However, we
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process of expansion and elongation, but in this case,
the two loci are not aligned along the axis of elongation,
and the increase in distance between the spots is not
so great. However, we do not detect a general increase
in the distances separating loci in all early G1 nuclei
over time, as would be expected if chromatin move-
ments were just a passive consequence of nuclear
expansion. Decreases in the distances between tagged
loci are also visible during this period (Figure 2B). As
we demonstrate below, regardless of the driving force
for chromatin motion, active remodeling of chromatin
position relative to nuclear compartments is occurring
during early G1.
Interactions with Nuclear Compartments
Are Established De Novo in Early G1
Individual lacO-tagged loci are restricted in their access
to the total nuclear volume after chromosome separa-
tion, yet they display enhanced mobility that persists
for at least 1–2 hr into G1 (Figures 1 and 2). To what
extent do these factors contribute to positioning of loci
relative to nuclear compartments? FISH studies have
indicated nuclear repositioning of late replicating origins
and human chromosome 18 to the nuclear periphery
during early G1 [13, 14]. In addition, transient move-
ments of a lacO array away from the nuclear periphery
during early G1 have been observed [15, 16]. In living
cells, photobleaching studies have not considered the
distribution of specific chromosome regions relative to
the nucleolus, nuclear envelope, or other nuclear com-
partments [4, 5]. We addressed this issue by looking at
the acquisition of nuclear position for specific loci inFigure 1. Tracking the Motion of Defined Loci during Early G1
early G1 daughter cells. The tagged 5p14 locus fre-Mitotic cells were identified by the dispersal of the GFP-LacI-NLS
fusion throughout the entire cell volume in the absence of the nuclear quently locates in the nuclear interior but can also be
envelope (0’ frame). Confocal z stacks were captured at 10 min found at the nuclear edge (Table S1). This could reflect
intervals for a 2 hr period after the completion of mitosis and are different populations of cells with different, but heritable,
shown flattened to allow simultaneous visualization of all spots. locus radial position, or it could reflect stochastic reposi-
Considerable changes in the distances separating the tagged loci
tioning of the locus after cell division. In the former case,in the newly formed daughter nuclei occur over time. Note the rela-
both daughter nuclei should show similar locus radialtive lack of chromatin motion in an interphase cell that has not just
exited mitosis (top left) The scale bar represents 10 m. position relative to the nuclear periphery; in the latter
case, they need not. Our data support the latter conclu-
sion. Figure 3A shows a z stack through two daughter
5p14 nuclei, taken 110 min after the completion of mito-
sis. In the left nucleus, both loci are far (1 m) fromd during early G1 are larger than those detected at
other stages of interphase (Figure 2 and Table 1). Our any nuclear edge (visible in the 1.0 and 2.0 m z slices).
In contrast, both loci in the right nucleus are more pe-observations are consistent with other reports of en-
hanced motion of centromeres [12] and photobleached ripheral. The locus in the 4.0m z slice is visually insepa-
rable from the edge of the nucleus, as defined by thechromatin domains [4] during early G1.
It is unclear which events of G1 are responsible for the background GFP-LacI-NLS signals. The other locus (6.0
m z slice) is very close to, but not quite in contact with,enhanced mobility. We found an approximately similar
range of motion for the tagged 11q13 locus in early the top of the nucleus (7.0 m slice). Therefore, these
two daughter nuclei have asymmetric radial organiza-G1 cells that had exited mitosis in the presence of the
transcriptional inhibitor 5,6-dichloro-D-ribofuranosyl- tion of this locus. Of the mitoses studied for the 5p14
cell line, two out of five movies displayed asymmetrybenzimidazole (DRB) (Figure 2B). Therefore, chromatin
motion in early G1 cells is not simply due to the recom- between daughters.
These observations were reproduced for another lo-mencement of transcription after mitosis. In some
cases, large increases in distance in early G1 may be cus. Tagged 19q12 also distributes between nuclear
domains. It is most often seen adjacent to the nucleolusdue to nuclear morphogenesis [7]. For example, the in-
creasing distance between the tagged loci in the bottom but can also be found at the nuclear periphery (Table
S1). Analysis of fixed two-cell clones of the 19q12 celldaughter nucleus of Figure 1A clearly parallels the
expansion and elongation of this nucleus along the same line reveals many daughter cells with nonidentical distri-
butions of the locus with respect to these nuclear com-axis. The other daughter nucleus goes through a similar
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Figure 2. Long-Range Motion of Human Chromatin during Interphase and Early G1
(A) 3D distance (d) in m between two spots for the 11q13 and 5p14 loci was measured at 10 min intervals over a 2 hr period, for five
interphase nuclei each.
(B) d between two spots in both early G1 daughters (squares or diamonds) of a single mitotic cell after mitosis. Data for an example of the
5p14- and 11q13-tagged loci and for 11q13 cells treated with 50 g/ml DRB are shown. A dashed line represents the metaphase-anaphase
transition. Complete data are summarized in Table 1.
partments. In Figure 3B the locus in one daughter cell 3D). For the null hypothesis of no inheritance of nuclear
position, the probability of a locus associating with a(left) is associated with the nuclear envelope. In its sib-
ling cell, the locus is associated with the nucleolus. We particular compartment is directly related to the popula-
tion frequency of this association and is independent ofextended these observations to a larger sample of fixed
5p14 and 19q12 two-cell clones (Figure 3C). A high fre- the behavior of its sister locus in the other cell of the
clone pair. The population frequencies for 19q12 associ-quency of differently organized daughters was seen for
both loci. There is no statistically significant inheritance, ation with the nuclear periphery, nucleolus, or nucleo-
plasm were 0.35, 0.46, and 0.19, respectively (See Tablefrom mother to daughter cells, of the association of the
19q12-tagged locus with nuclear compartments (Figure S1). Expected (E) values for the frequency of particular
Table 1. Parameters of Chromatin Dynamics in the Cell Cycle
d  dt  1 (m) d (m) over a 2 hr Period
Cell Line Stage Mean Max Mean Median Max
5p14 interphase 0.46 1.83 2.28 1.72 3.57
early G1 1.17 5.07 3.87 3.86 5.39
11q13 interphase 0.73 1.94 2.30 2.24 2.78
early G1 0.82 4.34 5.25 3.19 16.45
G1  DRB 1.35 6.20 6.16 6.27 8.90
Mean and maximum change in distance between frames (d  dt 1) taken every 10 min, and the mean, median, and maximum range of motion
(d), over a 2 hr observation period, for tagged loci in cells that are in interphase (n  5 cells per locus) and for cells that have just exited
from mitosis (early G1; n  5 mitoses per locus, i.e., 10 G1 nuclei). 11q13 cells were also examined in the presence of the transcriptional
inhibitor DRB.
Establishing Chromatin Architecture in Human Cells
169
Figure 3. Asymmetry of Locus Position and Association with Nuclear Compartments in Daughter Nuclei
(A) 0.5 m interval confocal sections through daughter nuclei tagged at 5p14 from a z stack taken 110 min after the completion of mitosis.
Analysis of previous stacks indicated the GFP spot positions had been stable for 30 min. In the left nucleus, both spots are internal (arrowed
in the 1 and 2 m sections). In the right nucleus, one spot abuts the nuclear edge (4 m), and the other (6 m) is close to, but not at, the
upper surface of the nucleus. The scale bar represents 10 m.
(B) Confocal slice of a two-cell clone of the 19q12-tagged cell line. The lacO-tagged locus is visible in both cells (green dot). Nucleoli are
detected by immunofluorescence with antibody recognizing pKi67 (red).
(C) Proportions of two-cell clones (with either 1 or 2 tagged loci/cell) whose daughter cells have identical (I) or different (D) positions of loci
relative to nuclear compartments.
(D) Statistical analysis of the 19q12 one spot data from (C). There were three symmetric and three asymmetric expected combinations of
locus-nuclear compartment association. The observed (O) patterns of association are compared with those predicted (E) from the incidence
of locus association with the nuclear periphery, nucleolus, or the nucleoplasm within the population of cells (see Experimental Procedures).
combinations of locus association in sister cells were the completion of mitosis in a 5p14-tagged nucleus. This
nucleus is the right-hand nucleus from Figure 3A. At thethen generated from these data (see Experimental Pro-
cedures) and compared to the observed frequencies (O) earliest time point after nuclear membrane reformation,
the locus is in the nuclear interior. As the nucleus begins(Figure 3D). This gives a 2 value of 7.2 for 5 degrees of
freedom and corresponds to p  0.2–0.3; therefore, we to expand and flatten, the locus remains at least 2 m
from the nearest nuclear edge (20 to 40 min time points),cannot refute the null hypothesis. The validity of the null
hypothesis is clearly apparent from the raw observed but by 70 min it has moved to the nuclear periphery,
where it persists for the remainder of the movie. Hence,data because the most frequent observation (9 out of
27 clones) was where 19q12 was nucleolar in one daugh- association with the nuclear envelope develops over the
course of G1 and is not set up immediately after nuclearter and peripheral in the other. This is not compatible
with the inheritance of chromatin organization, with re- envelope formation.
The converse situation, in which a locus moves awayspect to nuclear compartments, from a mother nucleus
to both daughter nuclei. from the nuclear periphery to an internal position in early
G1, can also be seen. Figure 4B shows z stacks of aThe observed asymmetry of daughter nuclei and the
enhanced mobility of chromatin in early G1 indicates nucleus from the 11q13 cell line at 10 min intervals
shortly after mitosis. In the first two frames, 10–20 minthat loci can form, and lose, associations with nuclear
substructures in daughter nuclei independently of their after the completion of mitosis, the locus is located in
the nuclear interior. By 40 min after mitosis, it is associ-position in the mother nucleus. For example, Figure 4A
shows confocal sections taken at 10 min intervals after ated with the edge of the nucleus before it moves back
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Figure 4. Changing Associations with the Nuclear Periphery in early G1
(A) Progressive establishment of peripheral localization for a 5p14-tagged locus during G1. Each frame is a z slice, captured at 10 min intervals
after the metaphase-anaphase transition. Association of the locus with the nuclear lamina is not established until the 70 min frame and then
persists for the remaining 40 min duration of the movie. The scale bar represents 10 m.
(B) z stacks through an 11q13-tagged nucleus at 10 min intervals after mitosis. At the earliest time (10 min), the locus (arrowed) is located
within the nucleoplasm (1 m section). By the 40 min frame, the locus is at the nuclear edge but then moves back into the nuclear interior,
where it persists for an additional 20 min. The scale bar represents 5 m.
to the nuclear interior for the rest of the observation nuclear organization can contribute some form of cellu-
lar memory or epigenetic information. After analyzingperiod.
the motion of specific loci in human cells in the period
immediately after exit from mitosis, we conclude thatConclusions
the position of chromatin relative to the nuclear architec-The question of whether chromosome position in the
ture—for example, the nuclear periphery—is not directlynucleus can be transmitted to daughter nuclei through
an open mitosis is important for understanding whether inherited through mitosis into daughter nuclei. Although
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25/54, and 10/54, respectively). Nine possible outcomes of clonethe gross nuclear position of a locus can be restricted
pair combinations can arise. These are (1) p/p, p/n, p/i, (2) n/p,by its position on the metaphase plate, and the angular
n/n, n/i, and (3) i/p, i/n, i/i. The expected frequency of each combina-relation between chromosomes transmitted, subse-
tion is calculated by multiplying the observed population frequen-
quent chromatin movements in early G1 allow for sub- cies together, and E values are generated by multiplying the ex-
stantial repositioning of loci within the nucleus relative pected frequencies by 54, the population size. After we pooled like
to nuclear compartments. combinations (e.g., p/n and n/p), we tabulated the E values and
compared them to the observed values (O) by using a 2 test (Figure
Experimental Procedures 3B). 2  (O  E)2/E  7.2, p v  5  0.2.
Cell Lines
The HT1080 cell lines with lacO arrays integrated into the G-band Supplemental Data
at 5p14 have been described previously [9]. The present study also A supplemental table is available with this article online at http://
makes use of newly characterized lacO integrant lines, where the www.current-biology.com/cgi/content/full/14/2/166/DC1/.
insertion has occurred in the R-band at 11q13 and the pericentro-
meric region at 19q12 (Table S1).
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